1
-NQR), a membrane protein complex widespread among pathogenic bacteria, consists of six subunits, NqrA, B, C, D, E and F. To our knowledge, no structural information on the Na 1 -NQR complex has been available until now. Here we present the crystal structure of the Na 1 -NQR complex at 3.5 Å resolution. The arrangement of cofactors both at the cytoplasmic and the periplasmic side of the complex, together with a hitherto unknown iron centre in the midst of the membrane-embedded part, reveals an electron transfer pathway from the NADH-oxidizing cytoplasmic NqrF subunit across the membrane to the periplasmic NqrC, and back to the quinone reduction site on NqrA located in the cytoplasm. A sodium channel was localized in subunit NqrB, which represents the largest membrane subunit of the Na 1 -NQR and is structurally related to urea and ammonia transporters. On the basis of the structure we propose a mechanism of redox-driven Na 1 translocation where the change in redox state of the flavin mononucleotide cofactor in NqrB triggers the transport of Na 1 through the observed channel.
Electrogenic NADH:ubiquinone oxidoreductases are central components of the respiratory chain in mitochondria and bacteria. These enzymes are integral membrane proteins that oxidize cytoplasmic NADH and reduce ubiquinone located in the membrane. The energy released by this redox reaction is used by complex I and the Na 1 -NQR to pump ions across the membrane, thus generating the electrochemical gradient that is essential for all living organisms 1 . Although these two membrane protein complexes catalyse a very similar reaction, their basic architecture is completely different. The Na 1 -NQR is composed of the six subunits NqrA, B, C, D, E, F and has been reported to contain a unique set of cofactors: one FAD, a [2Fe-2S] cluster, two covalently bound flavin mononucleotide (FMN), riboflavin and a tightly bound ubiquinone [2] [3] [4] . The Na 1 gradient generated by the Na 1 -NQR is essential for Vibrio cholerae for being infectious, for example, by driving its monopolar flagellum required for motility. Moreover, the activity of Na 1 -NQR is linked to the expression of virulence factors, and inhibition of Na 1 -NQR decreases toxin production 5 . Genes for the Na 1 -NQR were identified in many pathogenic bacteria and have no eukaryotic homologue, designating the enzyme as a probable drug target in antibacterial therapy. Interestingly, four out of six subunits, NqrB, NqrC, NqrD and NqrE, are homologous to subunits of the so-called RNF (Rhodobacter nitrogen fixation) complex present in widely different groups of prokaryotes 6 (Extended Data Figs 1, 2). The high similarity over four subunits suggests that the core machinery for Na 1 translocation is identical in both respiratory complexes. To date no structural information is available for the Na 1 -NQR or the RNF complex. Here we report on the crystal structure of the entire Na 1 -NQR complex at 3.5 Å resolution (Extended Data  Table 1 ). To gain further insights we complemented the low-resolution information with high-resolution structural data on several subunits, by determining the structures of the major soluble domains of subunits NqrA, NqrC and NqrF at 1.60 Å , 1.70 Å and 1.55 Å resolution, respectively.
Overall structure
The entire complex has dimensions of 87 Å 3 138 Å 3 52 Å (Fig. 1) . The transmembrane part of Na 1 -NQR is mainly formed by the subunits NqrB, NqrD and NqrE, which are integral membrane proteins with small domains in the cytoplasm or periplasm (Extended Data Fig. 3 ). NqrA, NqrC and NqrF are large hydrophilic subunits with the latter two anchored via a single transmembrane helix in the cytoplasmic membrane. The hydrophilic subunits NqrA and NqrF protrude into the cytoplasm, whereas NqrC resides in the periplasm (Fig. 1) . NqrA, which lacks transmembrane helices, is tightly bound to NqrB, forming a complex with a large interaction surface ( Fig. 1 and Extended Data Fig. 4a ). Subunits NqrD and NqrE form a central structural unit that interacts with subunit NqrB on one side and the transmembrane helices of NqrC and NqrF on the opposed side (Extended Data Fig. 3d , e).
The hydrophilic subunits in the cytoplasm
NqrA consists of four domains (Extended Data Fig. 4b, c) . The aminoterminal domain (residues 28-100) exhibits similarity to a biotin carboxyl carrier domain. It is followed by a Rossmann-fold domain (102-254), an ubiquitin-like domain (residues 258-329), and a carboxy-terminal helical domain . At the sequence level, NqrA shows no resemblance to proteins of known structure. However, a DALI search 7 revealed an unexpected structural similarity with subunit Nqo1 of bacterial complex I 8 . Despite their distinct function, the similarity between NqrA and Nqo1 is remarkable with a root-mean-square deviation (r.m.s.d.) of 3.9 Å over 234 Ca positions (Extended Data Fig. 4d ). The carboxy-terminal helical domain of NqrA shows similarity to a 2[4Fe-4S] cluster ferredoxin fold but does not contain an FeS centre. Although NqrA is structurally similar to subunit Nqo1 of complex I, there is no overlap at the functional level. Whereas Nqo1 binds an FMN cofactor in the Rossmann fold, NqrA contains no cofactor and it has been proposed that the subunit lost its cofactors during evolution of Na , we could not observe this cofactor in the low-resolution electron density of the entire Na 1 -NQR. NqrA comprises a deep solventaccessible cavity that is formed by residues of the Rossmann-fold domain and the ubiquitin-like domain that is large enough to accommodate ubiquinone. NqrA forms major contacts with NqrB via its N and C termini. The N-terminal residues 38-51 of NqrB reside in a deep groove of NqrA (Extended Data Fig. 4a ). At the C terminus of NqrB, transmembrane helix 10 is elongated and protrudes into the cytoplasm, forming contacts with the C-terminal domain and the Rossmann-fold domain of NqrA.
NqrF consists of two major hydrophilic domains anchored by a single transmembrane helix to the Na 1 -NQR complex. The N-terminal ferredoxin-like domain following the transmembrane helix harbours a [2Fe-2S] cluster and is located proximal to the membrane, whereas the C-terminal FAD-binding domain resides remote of the membrane (Fig. 1) . The linker regions between the transmembrane helix, the ferredoxin-like domain and the FAD-binding domain were barely visible in the electron density, suggesting a high degree of flexibility. The FAD-binding domain of NqrF is reminiscent to the ferredoxin-NADP 1 reductase-type flavoproteins and represents the NADH-oxidizing unit of Na 1 -NQR. In contrast to NqrA that exhibits multiple and large contacts to the integral membrane subunit NqrB, NqrF does not interact with the membrane subunits. Neither the FAD-binding nor the ferredoxinlike domain show any contact with the NqrB, NqrD or NqrE. The ferredoxin-like domain resides in a distance of 10 Å to NqrE and the FAD-binding domain in a distance of 25 Å to NqrD, leaving a large gap between the integral membrane subunits NqrD-E and NqrF. This spatial arrangement suggests that the hydrophilic domains of NqrF might move towards the membrane subunits of the complex, with the linker regions of NqrF acting as hinges.
NqrB harbours a Na 1 channel NqrB comprises 10 transmembrane helices and the arrangement of the helices suggests that the subunit has originally evolved from gene duplication (Extended Data Fig. 3a) . Search for structural homologues revealed that NqrB is homologous to urea and ammonium transporters from prokaryotes and eukaryotes. Despite the low sequence identity (5-12%), the structural similarity is rather high. In structural alignments of NqrB with a urea transporter from Bos taurus (PDB code 4EZC)
11
, 205 residues were aligned with an r.m.s.d. of 3.7 Å for the Ca positions (Extended Data Fig. 5a ). Correspondingly, structural alignment with ammonium transporters from different species revealed an r.m.s.d. of 3.6 Å for 210 residues 12,13 (Extended Data Fig. 5b ). Both urea transporter and ammonia transporter mediate the transport of small solutes 11,14 across the membrane through a central cavity. The similarity of the three different membrane proteins is intriguing and suggests that they have evolved from a common ancestor that transported positively charged ions or molecules. In NqrB the central helices I, III, VI and VIII form a membranespanning channel (Fig. 2a, b) . However, when compared to the urea transporter the channel in NqrB is narrowed by a relocation of the rather short helix VIII by approximately 5 Å towards the centre of the protein (Extended Data Fig. 5a , b). Several residues located on this helix appear to be crucial for the transport of Na 1 across the membrane. The channel opens at the cytoplasmic aspect of NqrB, forming a wide vestibule that displays a negatively charged surface (Extended Data Fig. 5c ). Residue Asp 346 of NqrB is located at the bottom of this vestibule (Fig. 2c) , and mutational studies have suggested that this aspartic residue is involved in Na 1 transport
15
. At a position halfway through the membrane the channel narrows sharply and the access to the second half of the channel, which opens to the periplasm, is blocked by side chains of hydrophobic residues: Phe 338 and Phe 342 located on helix VIII, Ile 164, Leu 165 and Leu 168 on helix III, and Val 64 of helix I (Fig. 2c, d ). Rotation of the side chain of either Phe 342 or Ile 164 would completely block the observed channel. After this constriction the channel opens widely, forming a large cavity with an exit site to the periplasmic aspect of NqrB. In this arrangement Na 1 ions can enter the channel from the cytoplasmic or periplasmic side, but cannot pass the constriction. Interestingly, the cytoplasmic half-channel is negatively charged, whereas the periplasmic half-channel is positively charged (Extended Data Fig. 5c ). This asymmetric charge distribution in the two half-channels might cause an enrichment of Na 1 ions in the cytoplasmic half versus the periplasmic half, facilitating the directional transport of the cations.
As a major difference to the urea and ammonium transporter proteins, NqrB comprises an additional periplasmic domain that harbours an FMN cofactor that is covalently linked via its phosphate group to Thr 236. This FMN-binding domain is assembled by insertions into the regions connecting the transmembrane helices I/II, V/VI and VII/ VIII of NqrB and encompasses a total of 120 residues. The FMN itself is deeply buried in the protein (Fig. 2a) with the isoalloxazine moiety located within the transmembrane region and the cavity around the FMN connected to the periplasmic Na 1 half-channel (Extended Data Fig. 5c ). Thus, NqrB represents a molecule that preserved the basic architecture of a transporter but has acquired an additional and completely different function as a redox protein. An opening of the Na 1 channel must be coupled to changes in the redox state of the Na 
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membrane. NqrD and NqrE assemble into a symmetrical entity where both subunits are related by a rotation of 180u around a two-fold axis located in the centre of the membrane (Fig. 3b, c) . Transmembrane helices I and IV from both subunits form the core of the NqrD-E unit. These four transmembrane helices are organized as half-helices with each half-helix tilted by approximately 45u with respect to the membrane plane. The linker regions of the four central helices meet in the centre, thereby forming a core structure resembling an hourglass. In the centre of this core unit a strong anomalous signal was observed originating from a Fe centre (Fig. 3a, d ). The identity of Fe was confirmed by comparison of the intensity of the peak at different wavelengths (Extended Data Table 2 ). Four cysteine residues originating from each of the core helices coordinate the Fe via the thiol group of the side chain. It appears that the four transmembrane helices harbouring the cysteine residues unwind in the centre of the membrane to accommodate for iron coordination ( Fig. 3b, d ). The coordination and localization of the single Fe in the membrane region of Na . Here we show that NqrC resides in the periplasm (Figs 1 and 4). The single transmembrane helix that anchors this hydrophilic subunit in the membrane elongates to a long helix that is part of the fold of NqrC. Structurally, NqrC is not related to any known protein family. The fold of NqrC comprises a central five-strand b-sheet that is sandwiched on both sides by two helices from the N terminus and C terminus. At the periplasmic aspect, NqrC plunges into a deep cavity of the NqrD-E unit (Fig. 4a, b) . The FMN of NqrC is covalently attached via a phosphoester bond to the oxygen of the side chain of Thr 225 located in a helix of the C terminus (Fig. 4b) . The isoalloxazine moiety of the FMN resides in an open pocket and more than half of the isoalloxazine plane protrudes out from the NqrC protein matrix to be embedded in the cavity formed by NqrD and NqrE (Fig. 4b, c) .
Riboflavin binding site
Deletion of subunit NqrB leads to the loss of riboflavin in Na 1 -NQR, indicating that riboflavin is bound to this subunit 20 . After completion of the model of Na 1 -NQR we did not observe any additional difference electron density inside NqrB that could encompass a riboflavin cofactor. An unbiased analysis of the F o 2 F c difference map around the entire Na 1 -NQR by automatic fitting 21 revealed a large patch of F o 2 F c density at the interface between NqrB and NqrE. The aromatic isoalloxazine moiety fits well into the F o 2 F c density (Extended Data Fig. 6 ), whereas other candidates, like for example ubiquinone, are too small. The riboflavin-binding site is located in the transmembrane region but close to the cytoplasmic aspect, suitable for electron transfer to ubiquinone located in NqrA 4,10 .
Electron transfer pathway
In total there are seven redox cofactors described to be present in Na 1 -NQR: four flavin cofactors, one [2Fe-2S] cluster, the Fe site in NqrD-E described here for the first time (Fig. 1c) , and a tightly bound ubiquinone. Edge-to-edge and centre-to-centre distances of the redox cofactors are listed in Extended Data Table 3 . NADH is oxidized in a two-electron step at the FAD of subunit NqrF and electrons are transferred one-byone from FAD to the [2Fe-2S] cluster residing at an edge-to-edge distance of 9.8 Å in the N-terminal domain of NqrF. Mutational and fast However, several distances between the redox centres in the proposed electron transfer pathway are too large for fast electron transfer 22 and are not in agreement with measured rates of Na 1 -NQR 16, 23 . The edgeto-edge distance between the [2Fe-2S] cluster in NqrF and the Fe in NqrD-E is 33.4 Å , whereas the isoalloxazine moiety of FMN NqrC is located in very close proximity to the Fe NqrD-E with an edge-to-edge distance of just 7.9 Å . During turnover the N-terminal domain of NqrF has to undergo a large conformational change decreasing the gap between [2Fe-2S] NqrF and Fe NqrD-E to allow for efficient electron transfer. Such a conformational change has been observed so far only in bc 1 complex of the respiratory chain. Taking into account the data from previous studies and the now available structural data, two passages of the electron across the cytoplasmic membrane must be predicted. Such a pathway has implications on the mechanism and energetics of Na 1 translocation as discussed later. Moreover, the architecture of the Na 1 -NQR reveals that NqrB, NqrC, NqrD and NqrE comprise the core machinery of the pump and carry the redox cofactors required for redox-driven Na 1 translocation. Subunits NqrA and NqrF represent electron input and electron output devices and are substituted in the RNF complex by functionally different subunits. Noteworthy, NqrB, NqrC, NqrD and NqrE are highly homologous to subunits RnfD, RnfG, RnfA and RnfE of the RNF complex 6, 26 (Extended Data Figs 1 and 2) , underlining their central function, and strongly suggesting that changes in the redox state of cofactors within these subunits must be critically coupled to Na 1 translocation events.
Mechanism of Na 1 translocation
On the basis of the available data we developed a model of coupling between electron transfer and Na 1 translocation in Na 1 -NQR. Two general but different mechanisms describing the coupling of electron transfer to Na 1 transport in Na 1 -NQR have been proposed previously. In the first model a mechanism of thermodynamic coupling where Na 1 binds to a cofactor dependent on its redox state was suggested 27 . In such a scenario co-translocation of an electron and Na 1 across the membrane would be electroneutral and therefore energetically much less unfavourable. This model predicts that the redox potentials of cofactors involved are dependent on the presence of the coupling ion. However, so far there was no clear hint for Na 1 -dependent changes in redox potential 28, 29 . In a second model no direct interaction of Na 1 with a redox cofactor occurs and Na 1 translocation is mediated by redox-dependent conformational changes. The data of previous studies and the data provided here support the latter model and link distinct electron transfer steps to ion translocation events.
The oxidation of NADH at FAD NqrF and the subsequent electron transfer to [2Fe-2S] NqrF (Fig. 5a ) are presumably not coupled to ion translocation events, as supported by kinetic data 30 showing that both reactions are independent on the presence of the coupling ion Na 1 . The transition of an electron from [2Fe-2S] NqrF to Fe NqrD-E triggers most likely binding of a Na 1 in the negatively charged binding pocket in NqrB that opens to the cytoplasm (Fig. 5a ). This is in agreement with kinetic data showing that electron transfer from [2Fe-2S] NqrF to FMN NqrC is dependent on Na 1 and triggers capture of Na
116,31
. Both, the Fe NqrD-E and the Na 1 binding site at Asp 346 in the pocket of NqrB are about half-way through the membrane, representing an electroneutral and energetically favoured relay station of the transport. The conformational change in NqrF required for electron transfer between [2Fe-2S] NqrF to Fe NqrD-E might be coupled to subtle changes in NqrB facilitating access and binding of Na
1
. The short distance between Fe NqrD-E and FMN NqrC promotes a very fast electron transfer in the subsequent step that is presumably not coupled to the comparable slow ion translocation events. It is reasonable to assume that the next electron transfer step from FMN NqrC to FMN NqrB triggers the occlusion of the Na 1 in NqrB (Fig. 5a) . In 
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agreement with this assumption, EPR-based distance measurements between the one-electron-reduced FMN cofactors point towards substantial Na 1 -dependent conformational changes 25 . The energy of this step might be further used to strip off the water shell of the Na 1 and coordinate the ion by oxygen atoms deriving from the protein backbone and from the NqrB Asp 346 side chain. The redox state of flavin cofactors is known to control protein function by acting as a redox switch inducing conformational changes 32, 33 . In NqrB the one-electron reduced state of FMN NqrB might pull transmembrane helix X pointing with its helix dipole directly towards the N5 of FMN NqrB (Fig. 5b, c) . Transmembrane helix X of NqrB is in close contact with the short transmembrane helix VIII carrying residues Phe342 and Phe338, which constricts the proposed Na 1 channel (Figs 2c and 5b, c) . Any movement of helix X would induce a movement of helix VIII as well. Previous studies 16 put forward that electron transfer from FMN NqrB to riboflavin NqrB is coupled to the release of Na 1 to the periplasm. Oxidation of the FMN NqrB radical to the uncharged form might lead to the loss of the interaction between N5 of FMN NqrB and the helix dipole, thereby releasing helix X. Concomitantly, helix VIII moves along with helix X. This movement opens the constriction involving residues Phe 338 and Phe 342 and triggers translocation of the Na 1 to the periplasmic half-channel (Fig. 5d) .
The wide and solvent-accessible periplasmic half-channel is most likely filled with water molecules, which will immediately form a hydration shell around the Na 1 , making this step energetically favourable. According to this model the subsequent final electron transfer from riboflavin NqrB to ubiquinone is not essential for Na 1 translocation. The structure of Na 1 -NQR of human pathogen Vibrio cholerae presented here suggests a new mechanism for the coupling between redox reactions and ion translocation events in a respiratory complex. Na 1 -NQR is a central component of the energy conservation system in a plethora of pathogenic bacteria. This structure may serve as the basis for the development of new antibiotics against the worldwide increase in antibiotic-resistant pathogens.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
Received 11 August; accepted 24 October 2014. Electron transfer from FMN NqrB to riboflavin NqrB releases helix X that will move along with helix VIII. The shift of Phe 338 and Phe 342 located on helix VIII of NqrB will open the constriction and trigger translocation of the Na 1 to the periplasmic half-channel. The wide periplasmic half-channel is most likely filled with water molecules, which will immediately form a water shell around the Na 1 .
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1
-NQR production was induced by adding 5 ml 20% L-arabinose, and expression was continued for 12 h at 30 uC, 110 r.p.m. shaking. The culture was cooled on ice, cells were collected by centrifugation (10,000g, 30 min, 4 uC), washed in 100 ml lysis buffer (500 mM NaCl, 50 mM sodium phosphate pH 8.0), suspended in lysis buffer (1 g wet weight of cells per ml of buffer), frozen in liquid nitrogen and stored at 280 uC. After an expression phase of 12 h, cultures in selenomethionine minimal medium typically reached an optical density at 600 nm of 1.8. Typical yields were 4.5 g cells wet weight per litre of culture. The (SeMet)-labelled Na 1 -NQR was purified as described 35 . Diffraction data were collected at the Swiss Light Source, beamline X06SA equipped with a PILATUS 6 M detector. All diffraction data were integrated using XDS . A total of 58 out of 70 Se sites were found in the first trial and the resulting electron density map was of good quality. Several cycles of model building with COOT 42 and SAD phasing were performed. A large part of the sequence of the transmembrane helices could be assigned using the positions of the Se sites in methionine residues as marker. The previously proposed symmetric and inverted topology of NqrD and NqrE helped to assign the helices to the different subunits. However, several transmembrane helices of NqrB contain no methionine and it was not possible to trace the sequence throughout the ten transmembrane helices. We therefore performed sequencebased searches for structures homologous to the different subunits of Na 1 -NQR using the HHPred server 43 that utilizes hidden Markov models. NqrB was predicted to be structurally homologous to the urea transporter 11 and the structure could be aligned with the transmembrane helices guiding the tracing of the sequence. The low resolution of the experimental map allowed the unambiguous placement of side chains for methionine or tryptophan residues only. We therefore produced recombinantly several soluble domains of NqrA, NqrC and NqrF, crystallized these proteins separately and solved their structures at 1.60 Å , 1.70 Å and 1.55 Å 44, 45 . The structures of these subunits were placed into the low resolution experimental map by molecular replacement using MOLREP 46 , and their localization in the complex was verified by the positions of the methionine residues indicated by the Se positions. Refinement was performed using Refmac5 47 and with phenix.refine 48 using the high-resolution structures of NqrA, NqrC and NqrF as reference models. The high-resolution limits were established by paired-refinement 49 . Several cycles of manual rebuilding and refinement allowed finally the placement of 1,774 residues and 6 cofactors and the structure was refined at 3.5 Å resolution to a final R work 5 24.6% and R free 5 27.6% (Extended Data Table 1 ) with good stereochemistry parameters compared to other structures determined at this resolution. The refined model at 3.5 Å resolution showed no substantial deviation from the high resolution structural data of the single subunits (Extended Data Table 4) . Analysis with MolProbity 50 shows that 90.2% of the residues in Na 1 -NQR are in the favourable regions of the Ramachandran plot with 7% in the allowed regions, and 2.8% outliers. Most of the outliers are located in the integral membrane subunits or areas where the electron density was less well defined. Cavities and putative channels were calculated with CAVER 51 , and surface potential was calculated with APBS RESEARCH ARTICLE
